[1] The relationship between poleward energy transport and Arctic amplification is examined using climate models and an energy balance model. In 21st century projections, models with large Arctic amplification have strong surface albedo and longwave cloud feedbacks, but only weak increases (or even decreases) in total energy transport into the Arctic. Enhanced Arctic warming weakens the equator-to-pole temperature gradient and decreases atmospheric dry static energy transport, a decrease that often outweighs increases from atmospheric moisture transport and ocean heat transport. Model spread in atmospheric energy transport cannot explain model spread in polar amplification; models with greater polar amplification must instead have stronger local feedbacks. Because local feedbacks affect temperature gradients, coupling between energy transports and Arctic feedbacks cannot be neglected when studying Arctic amplification.
Introduction
[2] Polar amplification is a robust climate response in CO 2 -forced warming simulations; however, there is a large spread in the modeled amplification amount. In the Coupled Model Intercomparison Project Phase 3 (CMIP3), the increase in Arctic temperature poleward of 70N ranges from 3.6 K to 8.0 K for the A1B scenario for 2081-2100 relative to [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] [2018] [2019] [2020] , whereas the global mean projects ranges from 1.9 K to 3.3 K (Table 1 ). There have been many proposed mechanisms to explain this enhanced warming in the Arctic, involving both local processes and changes in poleward energy transports.
[3] Surface albedo feedback was the first proposed mechanism for polar amplification [Sellers, 1969; Manabe and Stouffer, 1980; Hall, 2004] . Longwave cloud and lapse rate feedbacks have also been shown to contribute to polar amplification [Hall, 2004; Graversen and Wang, 2009; Boe et al., 2009] , and these increases in downward longwave can be even more important than surface albedo feedback [Winton, 2006] . In terms of energy transport, increasing moisture transport in a warmer climate was found to be responsible for enhanced Arctic warming in idealized experiments without surface albedo feedback [Hall, 2004; Alexeev et al., 2005; Graversen and Wang, 2009] . Also, increasing oceanic transport is correlated with Arctic warming and the amount of sea ice loss [Holland and Bitz, 2003; Bitz et al., 2006; Holland et al., 2006; Mahlstein and Knutti, 2011] .
[4] Currently there is no consensus on the main process of polar amplification or the main reason for model spread. Evaluating the relative importance of individual mechanisms is challenging from a modeling perspective, as most mechanisms are strongly coupled. As mentioned by J. E. Kay et al. (The influence of local feedbacks and northward heat transport on the equilibrium arctic climate response to increased greenhouse gas forcing in coupled climate models, submitted to Journal of Climate, 2011), suppressed surface albedo feedback experiments may overestimate the effect of energy transport on Arctic amplification, as such experiments do not include the decreasing dry static energy transport response to surface albedo feedback. In this study, we focus on the coupled relationship between local feedbacks in the Arctic and the energy that is transported into the Arctic, a key relationship that cannot be neglected when interpreting results of modeling experiments.
Changes in Poleward Energy Transport
[5] Trenberth and Fasullo [2010] compared the base-state poleward energy transport from 1990 to 1999 in CMIP3 models with observations. Here, we calculate changes of these transports with global warming as the mean from 2081-2100 minus the mean from 2001-2020 in each scenario. As listed in Table 1 , ten models in the A1B scenario and ten models in the A2 scenario are considered, because they supplied the necessary data for the analysis. The results in the A1B scenario are qualitatively similar with the A2 scenario, so we only show the results from the A2 scenario in some of the figures.
Atmospheric Energy Transport: Moisture Transport and Dry Static Energy Transport
[6] The changes in northward atmospheric energy transport in the A2 scenario are plotted in Figure 1a , colored in order of their change at 70N. The change in atmospheric energy transport can be separated into moisture and dry static energy (DSE) transport changes ( Figure 1b ) (see Overland et al. [1996] for equations). All of the models project increasing moisture transport, due to increases in water vapor content as the climate warms [Held and Soden, 2006; Solomon, 2006] . Increasing moisture content causes most of the increase in poleward energy transport in mid-latitudes [Hwang and Frierson, 2010] ; however, this increase is significantly smaller in high latitudes where the nonlinearity of ClausiusClapeyron causes the water vapor content not to increase as much. At 70N, the increase in moisture transport is about 0.05 PW, corresponding to ∼3.2 W/m 2 of heating poleward of 70N. The decrease in DSE transport dominates the intermodel spread of total atmospheric transport. Thus, models that project large decreases in DSE transport (blue dash lines in Figure 1b ) also produce decreasing atmospheric energy transport at 70N (blue solid lines in Figure 1a ).
Changes in Oceanic Energy Transport
[7] We approximate the implied oceanic energy transport from the surface energy imbalance as in Figure 8 .6 of Intergovernmental Panel on Climate Change [2007] . This estimate includes ocean heat uptake and latent heat fluxes from melting and forming ice. Only a limited subset of models includes ocean energy transport in the CMIP3 archive [Holland et al., 2010; Mahlstein and Knutti, 2011] , therefore we use this approximate method to include more models in this model comparison study. Most models project a decrease in oceanic energy transport in midlatitudes and an increase in higher latitudes (Figure 1c ). The decrease in midlatitudes is mainly associated with a weaker meridional overturning circulation in North Atlantic [Gregory et al., 2005; Cunningham and Marsh, 2010] . The mechanisms for the increase in ocean heat flux in high latitudes are not fully understood, although Bitz et al. [2006] suggest that such increases are associated with changing ice thickness. Ice production in central Arctic and Siberian shelves increases as the ice gets thinner, and the production of ice drives ocean ventilation and strengthens the inflow of warm Atlantic waters. The significance of this effect depends on time. Holland et al. [2010] suggest that the change in ocean energy transport becomes more important toward the end of the 21st century. Figure 1c is colored in the same order as Figure 1a , showing that models with larger increases in oceanic transport are also the models that project a larger decrease in atmospheric transport. The two transports compensate each other [Held and Soden [2006] (see also the correction of Hwang et al.
[2011]), with the changes in the atmospheric transport being larger than the changes in the ocean.
Anticorrelation Between Energy Transports and Polar Amplification
[8] Table 2 contains the correlation coefficient between changes in energy transports and the amount of polar amplification, which is defined as the increase in 2 m air temperature poleward of 70N normalized by the change in global mean temperature in each GCM. The increasing atmospheric energy transport is negatively correlated with polar amplification (as shown in Figure 2a ). Models with high polar amplification project little increase or even a decrease in the atmospheric energy transport. The DSE transport dominates the spread of changes in the atmospheric energy transport (as discussed in section 2.1), and is anticorrelated with polar amplification. Polar amplification flattens the meridional temperature gradient and decreases the DSE transport. The spread of atmospheric energy transport cannot explain the spread of polar amplification; models with greater polar amplification must instead have stronger local feedbacks.
[9] The spread of atmospheric transport explains most of the spread in total transport (the correlation between the two transports is 0.75), thus, the correlation coefficient between the total transport and the 2 m air polar amplification is also negative.
[10] The changes in oceanic transport are positively correlated with the 2 m air polar amplification and sea ice loss (as shown in Figure 2b ) . Enhanced ocean transport may cause temperature increases and accelerated ice melting [Mahlstein and Knutti, 2011] . The causality may be the opposite direction though; as multi-year ice is replaced by thinner first-year ice, the fast formation of ice may also trigger enhanced ocean transport . It is also worth pointing out that much of the ocean energy transport increase happens at depth. Bitz et al. [2006] and S. J. Vavrus et al. (21st -century arctic climate change in CCSM4, submitted to Journal of Climate, 2011) show that the warming of the ocean is strongest at depth, not at the surface where it would affect sea ice. In addition, the surface Arctic ocean becomes fresher, which makes it increasingly difficult for the warming to be mixed upward due to increased stratification of the surface ocean.
Attribution of Changes in Atmospheric Energy Transport
[11] The results from Section 2 suggest a local diffusive relationship between atmospheric energy transport and temperature gradients [North, 1975] . In this section, we introduce an energy balance model (EBM) first used by Hwang and Frierson [2010] to help understand the coupling between local feedbacks and changes in atmospheric energy transport in CMIP3 GCMs. As we discussed later in this session, we utilize the EBM because its weak nonlinearity allows us to attribute the changes in energy transport to individual feedbacks. This EBM diffuses surface moist static energy (MSE) with a latitudinally uniform diffusivity that is the same for all models and in both time periods. Clear sky longwave radiation is parameterized as a linear function of temperature using a regression from the first 20 year period (2001 to 2020). The EBM is run with shortwave radiation, total surface flux, and longwave cloud radiative forcing as inputs to generate a mean climatology of the first 20 years. The model is then run under warmed conditions, with the enhanced greenhouse effect, shortwave radiation changes, longwave cloud radiative forcing changes, and surface flux changes. The model predicts energy transport, temperature, and clear sky longwave radiation in the two time periods. The EBM responds to a localized heating at a particular latitude with both a local increase in OLR and increased diffusive transport away, with the partition between the two determined by the diffusivity constant.
[12] Applied to the Arctic, the EBM captures the net effect of the two main mechanisms that influence atmospheric energy transport at around 70N: (1) increasing water vapor in the warmer climate leading to increasing moisture trans- port, and (2) decreasing temperature gradients resulting from stronger positive feedbacks in the Arctic leading to decreased DSE transport.
[13] Figure 2c shows the predicted changes in the atmospheric energy transport at 70N in the EBM versus the actual changes in the GCMs. The EBM is able to explain much of the spread among individual GCMs (the correlation coefficient is 0.94). However, it tends to underestimate the surface trapped warming in the Arctic and predicts slightly too much equatorward transport.
[14] With the EBM, we can evaluate the influence of individual processes by prescribing the vertical flux perturbations they induce one at a time. The sum of these single-forcing EBM changes is nearly identical to the EBMpredicted change that considers the net changes in vertical fluxes from all processes at once (y axis in Figure 2c ), with the difference of the two being less than 3% of the total predicted changes. Thus, we can quantitatively analyze which factors cause most of the change in atmospheric energy transport. For example, we first break down the predicted changes in atmospheric energy transport into two components, the changes due to a uniform increase of the greenhouse effect and the changes due to all other variations with latitudinal structure.
[15] The first term is G in Figure 3a , which is an increased atmospheric transport resulting from the enhanced greenhouse effect from CO 2 . Each dot represents the result from one GCM. The CO 2 greenhouse effect is prescribed to be uniform across latitudes (see Hwang and Frierson [2010] for details), but the moisture content preferentially increases in low latitudes leading to an increase in the meridional MSE gradient, and thus a small increase in atmospheric transport at 70N. This term (G) is about 0.05 PW in all of the models, a similar value to the increasing moisture transport shown in Figure 1b .
[16] The second term is F in Figure 3a , which represents the change in atmospheric transport caused by all of the other vertical fluxes we prescribe, which are shortwave radiation changes at the top of the atmosphere, longwave cloud radiative forcing changes, and upward surface flux changes. It includes the effects of varying surface albedo, clouds, aerosol forcings, and ocean heat transport/storage. This term F is negative in all of the GCMs, because the net effect of these variations amplifies the Arctic warming, which weakens the equator-to-pole MSE gradient and results in a decrease in atmospheric transport. It also explains much of the wide range of the decreasing DSE transport in Figure 1b . The color of the dots is in the same order as in Figure 1 .
[17] We can further break down the term F in Figure 3a into two parts: the part that is influenced by the vertical flux perturbations poleward of 70N (Figure 3b ) and the part that is influenced by perturbations southward of 70N, from the South Pole to 70N (Figure 3c ). For these two regions, we again break down the perturbations into six components that are associated with: (1) the surface albedo effect (I), (2) the cloud SW effect (C S ), (3) the cloud LW effect (C L ), (4) the non-cloud (atmospheric) SW absorption effect (N A ) which is associated with increasing black carbon, CO 2 , and water vapor in the future, (5) non-cloud (atmospheric) SW scattering (N S ) which is associated with decreasing sulfate aerosol, and (6) ocean (O) which is associated with changes in surface fluxes. (See Taylor et al. [2007] and Hwang and Frierson [2010] for detailed explanations of how to separate these components.) Results from these single-forcing EBM experiments are plotted in Figures 3b and 3c . For example, I in Figure 3b demonstrates the EBM-predicted changes in atmospheric energy transport when we prescribe the surface albedo effects poleward of 70N in each GCM, each dot representing one model.
[18] The surface albedo effect in the Arctic accounts for a significant amount of the decrease in atmospheric transport (I in Figure 3b ). It also explains some model-to-model spread as dots are stacked red to blue from top to bottom. The surface albedo effect results in less decrease in transport in red models, which are the models that project increasing transport. This result also indicates that models that project more ice melting are the models that show decreasing energy transport (blue models), which are also the models that have higher polar amplification (Figure 2a ).
[19] Similar feature are present for the longwave cloud effect and ocean effect (C L and O in Figure 3b ). Enhanced warming caused by the longwave cloud effect and surface fluxes in the Arctic explain some of the model-to-model spread in atmospheric transport.
[20] The cooling effect from shortwave clouds, due to increased cloud coverage in the Arctic with warming, leads to increased energy transport (C S in Figure 3b ). It also contributes to a large amount of the model spread. Interestingly, it is not stacked from red to blue or blue to red, which implies there is little correlation between atmospheric transport and the SW cloud effect.
[21] Vertical fluxes outside the Arctic also have an effect on atmospheric energy transport. Decreasing snow cover in NH land results in increasing poleward atmospheric transport at 70N (I in Figure 3c ). Increasing black carbon and water vapor in low latitudes serves as a heating source in midlatitudes and the tropics and results in enhanced poleward atmospheric transport at 70N (N A in Figure 3c ). Weaker overturning circulation in North Atlantic weakens the ocean energy transport in midlatitudes, which also have a weakening effect on atmospheric transport at 70N (O in Figure 3c ).
Concluding Remarks
[22] Previous studies have shown that increasing energy transports can contribute to sea ice melting and Arctic warming, even in the absence of surface albedo feedback. To understand to what extent energy transport can contribute to polar amplification, we investigate the relationships between energy transports and the local feedback processes in the Arctic across a group of CMIP3 models. We find that positive feedbacks in the Arctic have a significant influence on decreasing DSE transport, which offsets the increase in moisture transport and oceanic transport. As a result, models with larger positive feedbacks have higher amplification but decreased horizontal energy input (total energy transport). The increase in water vapor transport causes a small systematic warming of higher latitudes but does not explain the spread in surface polar amplification. While this paper focuses on explaining the poleward energy transports in the atmosphere, we find it likely that differences in local feedbacks also explain the range of polar amplification, in accordance with previous results [Hall, 2004; Winton, 2006; Boe et al., 2009] .
[23] We have shown that transport into the Arctic is essentially linearly proportional to moist static energy gradients. Therefore, positive feedback processes that amplify polar warming also decrease energy transport into the high latitudes. This negative feedback on polar amplification should be taken into account when interpreting simulations of global warming or results of fixed feedback experiments. We believe that the use of EBMs or alternative energy transport attribution methods can be useful for interpreting such experiments.
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